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Abstract 
The Al-Mg2Si pseudo-binary phase diagram is one of the most widely used tool in the aluminum industry for temperature 
determination of solubility and homogenization in several semi-manufactured products of aluminum 6xxx alloys series. This 
diagram has been historically used in the redraw rod manufacturing process for electrical purposes to determine the rod coils 
solubility temperature of AA6101 and AA6201 alloys. The industrial process suggests a modification in the solvus curves 
established in this diagram. This work established the solubility temperature of commercial AA6201 alloy by means of electrical 
resistance measurements and mechanical testing of heat treated samples at different temperatures. Findings suggest that the 
solvus limit of the AA6201 alloy is at a higher temperature than the solvus limit of the commonly accepted diagram of Al-Mg2Si. 
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1. Introduction 
The classical Al-Mg2Si pseudo-binary phase diagram (Kammer (1999), Warmuzek (2004))is the most widely 
used diagram for temperature determination of solubility and homogenization of aluminum 6XXX alloys series 
(Figure 1). In the industrial process it has been observed that treating the material at temperatures in which the 
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classical diagram predicts complete dissolution of Mg and Si in the aluminum matrix, the mechanical strength of the 
alloy is lower compared to the material treated at higher temperatures. Figure 2 shows the mechanical strength 
against natural aging time for a commercial AA6101 redraw rod with a concentration of 0.87% Mg2Si taken from 
heat treated coils in an industrial furnace at 500 and 520°C. The rod taken from the coil held at 520°C shows the 
higher mechanical strength during the natural aging period analyzed. This fact infers that the coil treated at 500°C 
did not reach the solvus temperature despite the complete dissolution of Mg and Si in the aluminum matrix at 500°C 
predicted by the classical Al-Mg2Si diagram (Figure 1)(Amado (2013)). 
Throughout history there have been various revisions of classical diagram, as examples, Wade (1993) made an 
interpretation of the effect of an excess of Mg and Si on the solvus limit (Figure 3), while Wright et al. (2004) 
presented an engineering diagram formed from the study of the solubility limits of various commercial 6XXX alloys 
series (Figure 4). From the observation of the three diagrams presented in Figures 1, 3 and 4, for a given 
concentration of Mg2Si, there is a wide range of solubility temperature. In terms of practical applicability, this range 
is unacceptable for determining the minimum temperature that the alloy must reach during the heat treatment at the 
industrial furnace. The objective of this work is to establish the solubility temperature of a commercial AA6201 
alloy by means of electrical resistance measurements, mechanical testing and SEM observations of heat treated 
samples at different temperatures. 
 
 
 
 
 
Fig.1.Classical Al-Mg2Si pseudo-binary phase diagram (Kammer (1999), Warmuzek (2004)). 
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Fig. 2. UTS vs natural aging time for AA6101 redraw rod with industrial heat treatment at 500°C y 520°C (Amado (2013)). 
 
    
Fig.3. Effect of excess of Si and Mg on the solvus limit, Wade (1993) 
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Fig.4.Engineering Pseudo-Binary Al-Mg2Si phase diagram,Wright (2004). 
2. Experimental Procedure 
An AA6201 rod coil weighing 1000Kg stemming from the higher theoretical weight fraction of Mg2Si and lower 
excess of Si was selected from stowage sector of the production line. Samples of 380mm long were taken from the 
coil. The initial microstructure of the samples was observed in a previous work (Amado (2010)). It consists in 
elongated grains in the rolling direction of solid solution α -phase, intermetallic phases rich in Al, Fe, Mn and Si, 
and Mg2Si particles which precipitated during the natural cooling of the coil (Figures 5 and 6). The chemical 
composition of the alloy studied in this work was measured by an AR 4460 optical emission spectrometerand is 
shown in Table 1. The concentration of Si in excess was calculated by subtracting the Si combined with Mg to form 
Mg2Si and Fe and Mn to constitute intermetallic phases rich in Al, Fe, Mn and Si following the formula: Si excess 
=%Si – (%Mg/1.73 + 0.25 (% Fe +% Mn). Samples were divided into groups of three units. Each group was heat 
treated at different temperatures: 400, 450, 470, 490, 510, 530, 560 and 580°C. In order to achieve the equilibrium 
microstructure, according to the findings of Vermolen et al. (1998) and Chen et al. (1999), samples were kept 30 
minutes at the treatment temperature. Immediately after the maintenance time at the treatment temperature, the 
samples were quenched in water at 25°C and subsequently were kept at 24°C in a controlled environment. The 
electrical resistance measurements were carried out at 60 and 104 minutes (7 days) of natural aging with a Burster 
Resistomat employing the four wire technique. The electrical resistance measurements were refer to 20°C and the 
electrical conductivity was expressed as International annealed Copper Standard (%IACS). At day 7 of natural 
aging, immediately after the electrical resistance measurement, the mechanical testing of the samples was carried 
out. A universal testing machine -Instron 3367- with a 100mm/min head speed was employed for mechanical 
testing. Figure 7 schematically shows the experimental procedure of the heat treatments, electrical resistance 
measurements and mechanical tests of the samples studied.  
In order to characterize the microstructure resulting from the heat treatments, longitudinal sections of samples 
held at 400, 510 and 560 °C were included in phenolic resin. After an instance of machining in lathe, the following 
sequence of polishing took place in an automatic Struers Abramin machine: SiC grain size 600 sandpaper to achieve 
flatness and remove machining marks; SiC grain size 1200 sandpaper to delete the stripes of previous step; 
polycrystalline diamond suspension of 3μm was employed to delete previous stripes and finally polycrystalline 
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diamond suspension of 1 micron to erase previous stripes. Polished samples were observed on a scanning electron 
microscope Jeol-6460 LV LS with an energy dispersive x-ray spectrometer EDAX XM-2-Sys. 
 
 
     
Fig. 5.Initial microstructure of the rod samples studied: elongated grains in the rolling direction. 
 
 
Fig. 6.Initial microstructure of the rod samples studied, phases: α–phase (dark gray matrix), intermetallic phases rich in Al, Fe, Mn and Si 
(white particles), and Mg2Si particles (black particles). 
 
Table1.Chemical composition measured and theoretical weight fraction of Mg2Si and Si in excess of the alloy studied. 
Fe(%w) Si(%w) Mg(%w) Ti(%w) V(%w) Mn(%w) Mg2Si(%w) Si exc.(w%) 
0,19 0,48 0,62 0,013 0,0025 0,002 1,00 0,1 
(b) 
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Fig. 7.Schematic representation of the experimental procedure performed in this work. 
3. Results and Discussion 
Figure 8 shows electrical conductivity in %IACS vs heat treatment temperature of rod samples with 60 and 104 
minutes of natural aging at 24°C. Both curves show a linear decrease of electrical conductivity with heat treatment 
temperature from the maximum value of electrical conductivity at 400 °C to 510 °C. In the range of 400 to 510°C, 
the curve built up from measurements made 60 minutes after quenching show a slope of -0.06% IACS/°C while the 
curve made from data obtained on the seventh day (104 minutes) of natural aging presents a slope of -0,07 
%IACS/°C. The decrease of electrical conductivity in the treatment temperature range analyzed is due to the 
increase of the Mg and Si fraction in solid solution in the aluminum matrix with the increase of heat treatment 
temperature. Taking into account the uncertainty in the measurement of electrical conductivity, from 530°C, this 
property reaches a constant value of 50.9 and 50.0% IACS at 60 minutes and 7 days of natural aging respectively. 
These constant values of electrical conductivity are associated to fully solubilized Mg and Si in the aluminum 
matrix. From 450°C the electrical conductivity of the samples with an aging time of 60 minutes is lower than the 
same samples with 7 days of natural aging. This observation coincides with the work of Panseri et al.(1966) in 
which reports that there is an increase of the resistivity with time for aging temperatures below 100°C in wire of 
aluminum 6XXX alloy series due to the formation of agglomerates of solute atoms and the formation of stable GP 
zones. 
Figure 9 shows the ultimate tensile strength (UTS) vs heat treatment temperature for samples with 7 days of 
natural aging. UTS increase with temperature treatment until it reaches a constant value of 192 MPa at 530°C 
associated to fully solubilized Mg and Si. Between 450 and 510°C UTS has a linear relationship with treatment 
temperature with a slope of 1 MPa/°C. At the intersection between the lineal part of UTS vs. heat treatment 
temperature with 192 MPa, a solubilized temperature of 514 ± 3°C is obtained.   
Figures 10, 11 and 12 show the images obtained by scanning electron microscopy and EDS diagrams of the 
longitudinal sections of the samples held at 400, 510 and 560° C. The three samples show the light gray hue of the 
aluminum matrix and intermetallic particles rich in Al, Fe and Si. In the samples held at 400 and 510°C (Figures 10 
and 11 respectively) dark particles with rounded edges rich in Mg and Si associated to Mg2Si were also identified. A 
qualitative comparison shows that the number of Mg2Si particles is smaller in the sample held at 510°C compared to 
the sample treated at 400°C. These particles are not seen in the samples held at 560°C (Figure 12), verifying that at 
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this temperature all the Mg and Si that was part of Mg2Si is in solid solution. 
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Fig. 8. Electrical conductivity vs Heat treatment temperature of AA6201 rod samples.
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Fig. 9. UTS vs Heat treatment temperature for samples of AA6201 rod samples. 
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Fig.10. SEM image and EDS spectrum of AA6201 sample treated at 400°C. 
 
 
 
Fig. 11.SEM image and EDS spectrum of AA6201 sample treated at 510 °C. 
 
 
 
Fig. 12. SEM image and EDS spectrum of AA6201 sample treated at 560°C. 
 
As verification of the electrical conductivity values obtained for treatment temperatures greater than 530°C, the 
electrical resistivity of aluminum with a complete dissolution of Ti, V, Mg and Si was estimated with the expression 
(1) presented by Kammer (1999) where ρ is the calculated electrical resistivity of aluminum, ρ0 is the resistivity of 
pure aluminum and aTi ,aV, aSi, aMg are the factors of resistivity increase per weight percent C of Ti, V, Si and Mg in 
solid solution. aTi ,aV, aSi, aMgtake, respectively, value of  310, 450, 55 y 65 in 10-4 Ωmm2/m. Considering the 
resistivity of pure aluminum samples taken from the production line with similar thermomechanical history to the 
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samples used in this work, the estimated electrical conductivity from the calculation of ρ is 49.9% IACS. This value 
matches the measured electrical conductivity in the samples treated at temperatures over 530°C after 7 days of 
natural aging. Extrapolating the electrical conductivity measurements for samples held below 530°C to the average 
values measured in the samples treated at 530, 560 and 580°C at 60 minutes and 7 days of natural aging (50.9 and 
50.0% IACS respectively), a solubilized temperature of 519 ± 3°C was obtained for both natural aging times 
studied.  
࣋ ൌ ࣋૙൅ࢇࢀ࢏ ή ࡯ࢀ࢏൅ࢇࢂ ή ࡯ࢂ൅ࢇࡿ࢏ ή ࡯ࡿ࢏൅ࢇࡹࢍ ή ࡯ࡹࢍ   (1) 
 
For a temperature T lower than 519°C, the electrical resistivity calculation takes the expression (2) whereܥௌ௜ and 
୑୥ are the weight fractions of Si and Mg in solid solution. Assuming that the decrease in electrical resistivity at 
heat treatment temperatures lower than 519°C is due solely to the precipitation of Mg and Si to form Mg2Si, the 
difference in electrical resistivity between samples treated at a temperature T and 519°C would be proportional to 
the precipitated fraction of Mg2Si. For this reason, the effect of 0,1% of Si excess in the electrical resistivity changes 
with treatment temperature is not considered, and for the case of the studied alloy, at 519°C  ୗ୧  and ୑୥ take the 
values of 0.38%and 0.62% respectively, associated with a complete dissolution of 1% Mg2Si of the alloy.  
 
࣋ࢀ ൌ ࣋૙ ൅ ࢇࢀ࢏ ή ࡯ࢀ࢏ ൅ ࢇࢂ ή ࡯ࢂ ൅ ࢇࡿ࢏ ή ࡯ࡿ࢏ࢀ ൅ ࢇࡹࢍ ή ࡯ࡹࢍࢀ    (2) 
 
As the weight fractions of Mg and Si in solid solution at a temperature T below 519°C come from the dissolution 
of Mg2Si, considering the stoichiometric ratio of these elements in Mg2Si,ܥௌ௜்and ࡯ࡹࢍࢀ can be expressed as Ͳǡ͵ͺ ή
ܥெ௚మௌ௜் and  Ͳǡ͸ʹ ή ܥெ௚మௌ௜் respectively whereܥெ௚మௌ௜்   is Mg2Si solubilized fraction at temperature T. Therefore,࣋ࢀ 
takes the expression (3).Equation (4) shows the expression of ࣋૞૚ૢ where ܥெ௚మௌ௜்  takes value 1 due to the complete 
solubilizingof 1% of Mg2Si for the studied alloy. Expression (5) is obtained subtracting equation (3) by (4). 
Separating the term࡯ࡹࢍ૛ࡿ࢏ࢀ from expression (5), equation (6) is obtained.From this expression, depending on the 
electrical resistivity of the rod samples held at a temperature T (ɏ୘) lower than 519 °C, and the electrical resistivity 
of the samples treated at 519°C (ɏହଵଽ), the concentration of Mg2Si in solid solution can be calculated. 
 
࣋ࢀ ൌ ࣋૙ ൅ࢇࢀ࢏ ή ࡯ࢀ࢏ ൅ ࢇࢂ ή ࡯ࢂ ൅ ൫૙ǡ ૜ૡ ή ࢇࡿ࢏ ൅ ૙ǡ ૟૛ ή ࢇࡹࢍ൯ ή ࡯ࡹࢍ૛ࡿ࢏ࢀ (3) 
 
࣋૞૚ૢ ൌ ࣋૙ ൅ࢇࢀ࢏ ή ࡯ࢀ࢏ ൅ ࢇࢂ ή ࡯ࢂ ൅ ૙ǡ ૜ૡ ή ࢇࡿ࢏ ൅ ૙ǡ ૟૛ ή ࢇࡹࢍ(4) 
 
࣋ࢀ െ ࣋૞૚ૢ ൌ  ሺ࡯ࡹࢍ૛ࡿ࢏ࢀ െ ૚ሻ ή ൫૙ǡ ૜ૡ ή ࢇࡿ࢏ ൅ ૙ǡ ૟૛ࢇࡹࢍ൯(5) 
 
࡯ࡹࢍ૛ࡿ࢏ࢀ ൌ
࣋ࢀି࣋૞૚ૢ
ሺ૙ǡ૜ૡήࢇࡿ࢏ା૙ǡ૟૛ࢇࡹࢍሻ ൅ ૚                                                    (6) 
 
Figure 13 shows in dotted line the Solvus calculated from the electrical resistivity values of the samples used in 
this work and in solid line the solvus of the classical diagram of Figure 1. Solvus calculated for a 6XXX series alloy 
containing 0.1% Si in excess is shift to higher temperatures respect of the solvus established in the Al-Mg2Si classic 
diagram. This fact is in agreement with those reported by Wright et al.(2004) for other alloys commercial 6XXX 
series. Excess of Si appears to have no influence on the displacement of the solvus curve toward lower solvus 
temperatures as shown in the diagram of Figure 3. In this regard, Wright et al.(2004) state that the available 
experimental data to determine the effect of Si in excess on the Solvus curve are limited and the effect of Mg and Si 
in excess proposed in the diagram presented in Figure 3 can be discussed. The influence of Si in excess must be 
studied in depth in order to verify the results obtained in this work and compare with the review presented in Figure 
3. 
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Fig. 13.Solvus curve calculated for a 6XXX series alloy (dotted line) vs. solvus curve from classical Al-Mg2Si diagram. 
4. Conclusions 
The Measurement of electrical conductivity is a suitable technique to estimate the solubility temperature of rod 
6XXX aluminum alloy series. Despite the difference in the values of electrical conductivity according to the aging 
time which the measurements were made, the value of solubility temperature does not differ. The commercial 
6XXX alloy series solubility temperature is above the solvus temperature reported in Al-Mg2Si classical diagram.  
The effect of Si in excess on the Solvus curve should be studied in depth and mechanical strength may be a 
suitable property for estimating the solubility temperature. 
Acknowledgements 
The authors acknowledge the collaboration of Julio Ottaviani in the selection of the material used in this work 
and Jaime Groizard for the valuable contribution in obtaining scanning electron microscopy images. 
References 
C. Kammer, 1999, “Aluminium Handbook Vol1: Fundamentals and Materials”,Aluminium Verlag Marketing&KommunikationGmbH(Ed.),p. 
99. 
M. Warmuzek,2004,“Metallographic Techniques for Aluminum and Its Alloys”, Metallography and Microstructures,Vol 9, ASM Handbook, 
ASM International,  p. 711–751 
M. Amado, 2013,Internal Report; Metallurgical Dept., Aluar Aluminio Argentino SAIC. 
Wade, K. D., 1993 “PhysicalMetallurgy of AluminumAlloys”, Engineering Fundamentals ofAluminumExtrusion, Workshop at Rensselaer 
Polytechnic Institute, Troy, NY (USA). 
R.G Wright, M. Usta, S. Bartolucci,2004 “A Modern View of the Thermodynamics and Kinetics of the Magnesium Silicide Presence in 6XXX 
Alloys”; Eight International Extrusion Technology Seminar, p. 67.  
M. Amado, 2010, “Comparación de las propiedades obtenidas en alambrón de aleación de aluminio AA6201 producidoscon temples T1 y T4”, 
Universidad Nacional de Mar del Plata – Aluar Aluminio Argentino SAIC. 
F. Vermolen, K. Vuik, S. van der Zwaag, 1998. “A  mathematical model for the dissolution kinetics of Mg2Si-phasesin Al–Mg–Si alloys during 
homogenisation under industrialconditions”, Materials Science and Engineering A254, p.13–32. 
S.P. Chen, Vossenberg, F.J. Vermolen, J. van de Langkruis, S. van der Zwaag, 1999, “Dissolution of b particles in an Al-Mg-Si alloy during DSC 
runs”, Materials Science and Engineering, A272, p.250–256. 
C. Panseri, T. Federighi, 1966, “ A Resistometric Study of The Preprecipitation in an Aluminium-1,4% Mg2Si Alloy”; Institute of Metals,Vol. 94, 
p. 99 -107. 
